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Abstract
We consider cases where the dark matter-nucleon interaction is naturally suppressed. We ex-
plicitly show that by extending the standard model scalar sector by a number of singlets, can lead
to a vanishing direct detection cross section, if some softly broken symmetries are imposed in the
dark sector. In particular, it is shown that if said symmetries are SU(2) (SU(N)) and U(1)× SN ,
then the resulting pseudo-Nambu-Goldstone bosons can constitute the dark matter of the Universe,
while naturally explaining the missing signal in nuclear recoil experiments.
1 Introduction
The current status of direct detection experiments reduces the allowed number of dark matter (DM)
models with DM particle masses around the electroweak (EW) scale (typically O(GeV) − O(TeV)),
as indicated by recent results from the XENON1T collaboration [1]. The main reason for this is the
incompatibility of the experimental results with what one would expect from dimensional arguments
(i.e. the so-called WIMP miracle [2]), indicating that a DM particle with mass around the EW scale,
should have interactions with an EW strength. That is, if the DM freezes-out due to its annihilation
to standard model (SM) particles, its interaction with nucleons should be of similar magnitude. Thus,
if this assumption holds, the DM annihilation and its direct detection rate should be correlated, and
nuclear recoil experiments (which have access to DM in the EW scale) should have already detected
DM.
There are various ways that the missing direct detection signal can be explained. Interesting
possibilities include those that do not follow standard DM annihilation to SM particles and alter
the way the DM freezes-out, 1 for example “secluded” [3, 4] and “cannibal” [5] DM models. Other
possibilities include suppression of the interaction between DM and the nucleons due to a heavy
(integrated-out) mediator [6–11], the appearance of “blind spots” [12–14] or the smallness of the DM
mass [15–21] (including in some cases “frozen-in” DM [22]) which makes the DM particle inaccessible
to such experiments. 2 Among particularly appealing scenarios, however, direct detection experiments
are unable to detect the WIMP due to symmetry arguments [30–34]. In such models there is a
symmetry that is responsible for the suppression of the DM-nucleon cross-section, usually through the
cancellation of the tree-level DM-nucleon interaction.
In the present work, we explore models that belong to the family of the so-called “Higgs portal”
DM models (e.g. [35–41]). Although many models of DM coupled directly to the Higgs respect direct
∗email: dimitrios.karamitros@ncbj.gov.pl
1By doing this, the DM annihilation and nucleon interaction are not correlated, in contrast to what one would expect
from the dimensional argument above.
2However, this could change soon as the effort for detection of light DM intensifies [23–29].
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detection constraints (e.g. [42–45]), this kind of DM opens up other interesting possibilities. Our focus
here is the pseudo-Nambu-Goldstone boson (PNGB) DM scenario. The general idea behind how this
can help to evade direct detection bounds comes from the observation that Nambu-Goldstone bosons
(NGB), which result from a spontaneous breaking of a global symmetry, have derivative couplings
with other particles, and so their interactions vanish at zero momentum. On the other hand, a PNGB
(a DM cannot be NGB, since it should be massive) is a result of a spontaneously broken approximate
global symmetry, which could induce new interactions resulting to a non-vanishing direct detection
cross section. However, there are examples of a cancellation that allows the tree-level DM-nucleon
interaction to vanish at the zero momentum transfer [32,34], making models featuring such cancellation
suitable DM candidates.
In our effort to identify PNGB models featuring the aforementioned cancellation, we extent the
SM by a scalar field (singlet under the SM gauge symmetry) and doublet under a softly broken SU(2)
global symmetry. 3 We also show that the PNGBs in this case remain stable due to the symmetry
properties of the interaction terms. Furthermore, we show how these arguments apply to a softly
broken SU(N) global symmetry.
Then, we move to another case, where we add two scalar fields (again singlet under the SM), and
we note that the cancellation of PNGB-nucleon interaction occurs assuming a permutation symmetry.
However, in contrast to the minimal case [32], the PNGB is not naturally stable unless a dark CP–
symmetry is imposed. We also show that this model can be generalized to an arbitrary number (N)
of scalar fields, provided an SN symmetry assumption.
The outline of the paper is the following: in section 2, we discuss the DM content and the natural
suppression of the DM-nucleon cross section in the SU(2). At the end of this section, we also show
how these results are generalized in the SU(N) case. In sec.3, we consider the U(1) × S2 case, and
show how the cancellation of the direct detection cross section takes place, which we then generalize to
U(1)×SN . Finally, in section 4 we summarize our results, and comment on possible future directions.
2 The SU(2) case
In this section examine a dark sector with a softly broken SU(2) symmetry, in order to determine
if the cancellation takes place. Specifically, the SM is extended by a scalar (Φ) which is a gauge
singlet under the SM gauge group, and a doublet under a softly broken SU(2). We show that indeed
this model can provide us with naturally stable (multi-component) DM, which exhibits a cancellation
of the DM-nucleon interaction. We also show that this holds for SU(N) and Φ in the fundamental
representation. 4
The potential and mass terms
The potential is comprised of two parts, the symmetric and the soft breaking ones. The symmetric
part (global SU(2) invariant) is
V0 = −µ
2
H
2
|H|2 + λH
2
|H|4 + λΦ
2
|Φ|4 + λHΦ|H|2|Φ|2 , (2.1)
while the softly breaking part of the potential can be written as
Vsoft =
2∑
i=1
2∑
j=1
[
(m2Φ ijΦiΦj + h.c.) +m
′ 2
Φ ijΦ
†
iΦj
]
, (2.2)
3 Similar models have been studied in great detail [46], however we focus on the cancellation of the DM-nucleon cross
section and show explicitly that this takes place regardless of the form of the soft breaking terms.
4There is python module available (github.com/dkaramit/pseudo-Goldstone DM) that can be used to obtain Feynman
rules and LanHEP [47] input files for the SU(N) case.
2
with m2Φ 12 = m
2
Φ 21, m
′ 2
Φ 12 = (m
′ 2
Φ 21)
∗, and m′ 2Φ 11,22 ∈ R. Also, note that the potential, V = V0 +Vsoft,
becomes SU(2)-invariant if mΦ ij = m
′
Φ 12 = 0 and m
′ 2
Φ 11 = m
′ 2
Φ 22. Assuming that both H and Φ
develop VEVs,
H =
1√
2
(
0
h+ v
)
, Φ =
1√
2
(
φ+ is
ρ+ iχ+ vΦ
)
, (2.3)
where, without loss of generality we have assumed that the lower component of Φ obtains a VEV. 5
By minimizing the potential, we obtain the following relations
m2Φ 22 ∈ R
µ2H = λHv
2 + λHΦv
2
Φ
m2Φ 12 = −
m′ 2Φ 21
2
λΦ = − 1
v2Φ
[
λHΦv
2 + 4m2Φ22 + 2m
′ 2
Φ22
]
, (2.4)
where the first restriction is not an extra requirement as it is implied by the last relation. 6 The
Lagrangian mass terms can be written as
Lmass = −1
2
(
GTM2GG+ S
TM2SS
)
, (2.5)
where G = (χ, s, φ)T are the PNGBs and S = (h, ρ)T . The mass matrices become
M2G =

−4m2Φ22 2<
(
m′ 2Φ12
) −2=m′ 2Φ12
2<(m′ 2Φ12) −2m2Φ22 +m′ 2Φ11 −m′ 2Φ22 − 2<(m2Φ11) −2=m2Φ11
−2=m′ 2Φ12 −2=m2Φ11 −2m2Φ22 +m′ 2Φ11 −m′ 2Φ22 + 2<
(
m2Φ11
)

M2S =
(
λHv
2 λHΦvvΦ
λHΦvvΦ λΦv
2
Φ
)
, (2.6)
with λΦ given by eq. (2.4). It is also evident that, as expected, M
2
G becomes a zero matrix (i.e. all
pNGBs become massless) in the limit of SU(2) invariance.
Stability of PNGBs
In the U(1) case [32], the stability of the DM was a result of a natural dark CP-invariance. Al-
though it is not possible to absorb all phases of the parameters, here, the PNGBs are still sta-
ble. What keeps the PNGBs stable is a residual symmetry exhibited by the potential that forbids
such mixings between the PNGBs with ρ and h. To show this, observe that V0 is a polynomial of
|Φ|2 = 12
(
χ2 + φ2 + s2 + (vΦ + ρ)
2
)
, which is symmetric under orthogonal rotations of (χ, φ, s), i.e.
O(3). As a result, no mixing between PNGBs and other scalars can be generated from the SU(2)
symmetric part of the potential. So, only Vsoft can induce a mixing between (χ, φ, s) and ρ. However,
since vΦ is always added to ρ, any mixing between ρ and a PNGB, induces a linear term (proportional
to that PNGB). That is, all PNGB-ρ mixings should vanish by virtue of the minimization conditions.
As an example, by plugging eq. (2.3) in eq. (2.2), we get the potential mixing term between φ and ρ
Vφ ρ =
1
2
(2m2Φ 12 +m
2 ′
Φ 21 + h.c.)(ρ+ vΦ)φ ,
5This can be done by a unitary transformation (UX) of some field X, with 〈X〉 = (vX1 , vX2), to Φ. In this case
vΦ =
√
v2X1 + v
2
X2
, and UX = UX(vX1,2).
6Note here that without any rotation (see footnote 5) eq. (2.4) would relate the original VEVs to the parameters of
the model. So, the relation between m2Φ 12 and mΦ 21 is, in fact, a relation between vX1,2 and other parameters of the
model in the X basis.
3
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Figure 1: The Feynman diagram for the elastic scattering between a quark (q) and a PNGB.
which automatically vanishes once we impose eq. (2.4). Therefore, by performing an orthogonal
rotation to (χ, φ, s) to the PNGB eigenvalue basis (with eigenstates ξ1,2,3) we see that all ξ’s are
stable. 7 That is, the Lagrangian is Z
(ξ1)
2 × Z(ξ2)2 × Z(ξ3)2 symmetric (i.e. each PNGB carries its own
Z2 parity) that not only forbids decays of the PNGBs, but also PNGB conversions as well. Thus, all
pseudo-Nambu-Goldstone bosons are stable, resulting to a three-component DM content.
We note here that, in the limit of decoupled φ and s, we recover the U(1) [32] case. That is, in
this limit, one expects (approximately) the same phenomenology. Thus, the relic abundance of the
SU(2) model (ΩSU(2)h
2) should be comparable to the U(1) (ΩU(1)h
2). On the other hand, in the
limit of (almost) degenerate PNGBs, the relic abundance should get a factor of three, i.e. ΩSU(2)h
2 ≈
3ΩU(1)h
2, which tightens the bound on the annihilation cross section per DM-particle. This, in turn,
means that the required value of the coupling(s) responsible for the DM annihilation should be smaller
(by a factor of ∼ √3). In addition to that, the LHC constraints [48] should remain mostly unaffected,
since we would have three degenerate particles each one with interactions reduced by a factor of ∼ 3.
Between the degenerate and decoupling limits described above, the picture can get quite involved (e.g.
[49, 50]). However, in principle we should expect the relic abundance to be between these two limits,
i.e. ΩU(1)h
2 . ΩSU(2)h2 . 3ΩU(1)h2. Therefore, it seems plausible that there should be some allowed
region in the parameter space of the SU(2) case, although a detailed analysis is still needed.
The pseudo-Nambu-Goldstone–nucleon interaction
Since all PNGBs are stable, we need to calculate three amplitudes for the direct detection cross section.
However, due to the O(3) symmetry of the interaction terms, the amplitude for the ξi-nucleon elastic
scattering (ξin→ ξin) is proportional to Gi-nucleon elastic scattering amplitude and it is independent
of i. In general, the interaction of the three-point terms pertinent to this interaction can be written
as
Lint = −1
2
3∑
i=1
3∑
j=1
2∑
k=1
Y
(k)
ij GiGjSk . (2.7)
But due to the O(3) symmetry, we expect that
Lint = −1
2
(G21 +G
2
2 +G
2
3)
2∑
k=1
Y (k)Sk = −1
2
(ξ21 + ξ
2
2 + ξ
2
3)
2∑
k=1
Y (k)Sk . (2.8)
From the potential 2.1 and the relations 2.4, we obtain
Lint = −1
2
(ξ21 + ξ
2
2 + ξ
2
3)
 λHΦ v− 1
vΦ
(
λHΦv
2 + 4m2Φ22 + 2m
′ 2
Φ22
)T (h
ρ
)
. (2.9)
7Also note that there are no interactions that could induce a decay of a PNGB to another (since V0 is O(3) symmetric),
e.g. there are only ξ21h terms, while interactions of the form ξ1ξ2h are forbidden by the O(3) symmetry of V0.
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Since we are interested in the zero-momentum transfer limit, the propagator is proportional to the
inverse of the mass-matrix M2S . Then the direct detection amplitude for all PNGBs (the Feynman
diagram is shown in Fig. 1) becomes
ADD ∼
( −λHΦvΦv
λHΦv
2 + 4m2Φ22 + 2m
′ 2
Φ22
)T (
λHΦv
2 + 4m2Φ22 + 2m
′ 2
Φ22
λHΦvΦv
λHΦvΦv −λHv2
)(
1
0
)
= 0 , (2.10)
which concludes the proof of the claim that the DM-nucleon cross section vanishes at tree-level and zero
momentum transfer. However, this only indicates that the direct detection cross section is “naturally
suppressed”. In practice, loop corrections need to be included as well, since these effects could allow
for a possible direct detection signal [32,51,52].
Generalization to SU(N)
It is straightforward to generalize the above result in the case where Φ is in the fundamental repre-
sentation of a softly broken SU(N) global symmetry, since the form of V0 is the same as in eq. (2.1),
with the soft breaking terms being
Vsoft =
N∑
i=1
N∑
j=1
[
m2Φ ijΦiΦj + h.c.+m
′ 2
Φ ijΦ
†
iΦj
]
, (2.11)
where in analogy to SU(2) mΦ ij = mΦ ji and m
′
Φ ij = m
′ ∗
Φ ji. Assuming that the N
th component of Φ
develops a VEV, one can show that the minimization of the potential requires
m2ΦNN ∈ R
µ2H = λHv
2 + λHΦv
2
Φ
m2Φ iN = −
m′ 2ΦNi
2
, ∀i < N
λΦ = − 1
v2Φ
[
λHΦv
2 + 4m2ΦNN + 2m
′ 2
ΦNN
]
, (2.12)
This results to 2N − 1 PNGBs, χ, φi and si with i = 1, 2, . . . , N − 1, where, in complete analogy to
the SU(2) case, the interaction potential (V0) becomes symmetric under O(2N − 1),8 which results
to a Z
(ξ1)
2 × Z(ξ2)2 · · · × Z(ξ2N−1)2 symmetry for the entire potential. Therefore, all pseudo-Nambu-
Goldstone bosons are stable particles. We also point out that the same arguments for the relic
abundance of the SU(2) case hold also in SU(N). That is, in general the relic abundance should be
ΩU(1)h
2 . ΩSU(N)h2 . (2N − 1)ΩU(1)h2.
Returning to the discussion for the direct detection cross section, the pseudo-Nambu-Goldstone
boson–nucleon interaction terms take the familiar form
Lint = −1
2
2N−1∑
i=1
ξ2i
 λHΦ v− 1
vΦ
(
λHΦv
2 + 4m2Φ22 + 2m
′ 2
Φ22
)T (h
ρ
)
, (2.13)
Since the mass matrix M2S is independent of N (i.e. it is always given by eq. (??)), the amplitude for
the process ξiN → ξiN at tree-level and zero momentum transfer, vanishes as in the SU(2) case.
One should keep in mind that the cancellation takes place only if Φ is in the fundamental repre-
sentation of SU(N). It is not clear if ADD would cancel if another (irreducible) representation of Φ
was assumed, as there are additional interactions, corresponding to all the possible contractions of the
SU(N) indices. For example, for N = 2 and Φ in the adjoint representation, there is an interaction
term of the form
8The symmetric potential depends on |Φ|2 ∼ (χ2 + φ21 + s21 + φ22 + s22 + . . . φ2N−1 + s2N−1)+ (vΦ + ρ)2, which is sym-
metric under orthogonal rotations of the PNGBs.
5
Vint ∼ |H|2
∑
i,j,k,l
iljkΦijΦkl,
which can potentially change the mixing between the particles in a non-trivial way. Since the number
of such interactions increases greatly with the dimension of each representation of SU(N), it becomes
hard to generalize. Thus, we postpone such analysis for the future. 9
Beyond the tree-level approximation
Figure 2: An estimate of the 1-loop direct detection cross section eq. (2.14) for λ = 1 (black line),
λ = 0.7 (dashed line), λ = 0.5 (dashed-dotted line). The gray line corresponds to the upper limit as
given by XENON1T [1].
So far, we have considered the direct detection cross section at the tree-level, which vanishes
because of the PNGB nature of the DM particles, i.e. the approximate imposed symmetry. However,
one expects that new interaction terms can be induced at the loop-level, from the contribution of
the soft breaking terms. That is, one expects four-point symmetry breaking interaction terms (e.g.
|H|2Φ1Φ1 + h.c.) to be generated. 10 In this case, we expect a situation similar to ref. [32], with a
typical loop-induced coupling λ′ ∼ λ2
(4pi)2
(multiplied by a function logarithmic in the mass parameters
as in [32], which should vanish in the symmetric limit), and λ2 proportional to a combination of
λHΦλΦ + λ
2
Φ. That is, one expects for the direct detection cross section to be suppressed. An order
of magnitude estimate can be deduced by assuming an interaction of the form (the tree level coupling
cancels at zero momentum transfer, so we only show the loop-induced one here) Lhξξ ∼ λ2(4pi)2 v h ξ2 (ξ
is a DM particle). 11 For such interactions, the spin-independent cross section is approximately [53]
σSI ∼ 3.5× 10−47
(
100 GeV
mξ
)2
λ4 cm2 , (2.14)
which for a moderate λ ∼ 0.5 is below current limits (see fig. 2). Even for λ = 1, this cross section
is below the bounds, for most of the DM mass range. Note that since eq. (2.12) suggests that λ2 ∼
λHΦλΦ + λ
2
Φ ∼ λ
2
HΦv
2
v2Φ
[
1−
(
v
vΦ
)2
+ . . .
]
, such values of λ are reasonable, assuming vΦ > v,m
(′)
ΦNN .
9 However, if the imposed symmetry is SU(N)×U(1), such interactions are not allowed, which means the mechanism
under consideration holds for other representations as well.
10Note that three-point interactions cannot be produced because the entire potential is symmetric under Φ1,2 → −Φ1,2.
11Note that such interaction, in our case, are also multiplied by the mixing of ρ and h. By omitting them, we may
overestimate the DM-nucleon cross section.
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In principle, though, since we may have omitted important loop factors, one should calculate the
relevant one-loop vertices ( or the complete 1-loop scalar potential as also stated in [32]), in order to
have an accurate description of these interactions. Finally, one should keep in mind, that in the case
of multi-component DM, each component contributes to the direct detection cross section according
to its relative relic abundance [50]. This could mean more relaxed direct detection bounds (if the DM
masses are separated), since for the various DM components, the DM-nucleon cross section should be
rescaled as σiSI ≈ σSI × Ω
ih2
Ωtoth2
(for the ith component).
Note on possible completions
The models presented here should not be considered UV-complete, since the origin of the global
symmetries as well as the soft breaking terms are not known. That is, such models should be treated
as low-energy limits of other, UV-complete, ones. Possible UV-completions, may include new gauge
symmetries and a complicated spectrum of particles, so the explicitly broken symmetries may be
manifested as approximate symmetries (as the so-called “custodial symmetry” in the SM [54]) in their
low-energy limit. However, the structure of the low-energy models should be mostly unaffected, and
any new effects induced by the completion, should be suppressed by some characteristic high-energy
scale. In principle, such completion can induce decays of the DM particles, as well as other effects
(e.g. tree-level DM interaction with the nucleons) not present in the low-energy model, but suppressed
by the energy scale of the completion. 12 Such effects, though, can only be studied in a case-by-case
manner provided a valid completion.
3 The U(1)× S2 case
In this section, we examine another case, which we denote as U(1)×S2. In this case, the SM is extended
by two scalars (S1,2) charged only under a softly broken global U(1). For the desired cancellation to
occur, we impose a permutation symmetry on S1,2. As we will see, this symmetry provides a sufficient
condition for the vanishing of the PNGB-nucleon cross section.
3.1 The cancellation mechanism for this model
The Potential
In the case of two scalars, each transforming as Si → e−iaSi, the U(1) × S2 symmetric potential,
assuming that all parameters are real numbers (we shall call this assumption dark CP–invariance), is
V0 = −µ
2
H
2
|H|2 + λ
2
H
2
|H|4 + λHS1 |H|2
(
|S1|2 + |S2|2
)
+ λHS2 |H|2
(
S1S
†
2 + h.c.
)
− µ
2
S1
2
(
|S1|2 + |S2|2
)
− µ
2
S2
2
(
S1S
†
2 + h.c.
)
+
λS1
2
(
|S1|4 + |S2|4
)
+
λS2
2
[
(S1S
†
2)
2 + h.c.
]
+ λ′S |S1|2|S2|2 + c
(
S1 S
†
2 + S2 S
†
1
)(
|S1|2 + |S2|2
)
, (3.1)
while the S2-symmetric soft breaking potential is written as
Vsoft = −
µ′ 2S1
2
(
S21 + S
2
2 + h.c.
) − µ′ 2S2 (S1S2 + h.c.) . (3.2)
with the total potential given by V = V0 + Vsoft. In order to find the minimization conditions, we
expand the fields around their VEVs
S1,2 =
1√
2
(vS + s1,2 + i χ1,2) ,
H = 1√
2
(
0
v + h
)
, (3.3)
12For example, in ref. [32] the DM particle becomes unstable with a lifetime of order 1039 s.
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where this particular choice of 〈S1,2〉, ensures that the potential remains symmetric under simultaneous
permutations of (s , χ)1 ↔ (s , χ)2. Due to the permutation symmetry, there are only two independent
stationary point conditions, which read
µ2H = λHv
2 + 2v2S (λHS1 + λHS2) , (3.4)
µ2S1 = v
2 (λHS1 + λHS2) −
[
µ2S2 + 2
(
µ′ 2S1 + µ
′ 2
S2
)]
+v2S
(
λS1 + λS2 + λ
′
S + 4c
)
.
Spectrum of the CP–odd scalars
In order to calculate the direct detection amplitude, we first need to identify the PNGB. This can be
done by diagonalizing the mass matrix of the CP–odd fields to its eigenvalues. Once the eigenvalues
are found, one of them should vanish in the limit where the U(1) is restored, which should correspond
to the PNGB. From eq. (3.5), we obtain the mass matrix for the χ’s
M2χ =
−v2λHS22 − v2S(λS2 + c) + 2µ′ 2S1 + µ′ 2S2 + µ2S22 v2λHS22 + v2S(λS2 + c) + µ′ 2S2 − µ2S22
v2λHS2
2 + v
2
S(λS2 + c) + µ
′ 2
S2
− µ
2
S2
2 −
v2λHS2
2 − v2S(λS2 + c) + 2µ′ 2S1 + µ′ 2S2 +
µ2S2
2
 ,
(3.5)
from which we find the eigenvalues
m2ξ1 = 2(µ
′ 2
S1 + µ
′ 2
S2)
m2ξ2 = 2µ
′ 2
S1 + µ
2
S2 − v2λHS2 − 2v2S(λS2 + c) . (3.6)
It is apparent that m2ξ1 vanishes in the limit µ
′ 2
S1,2
→ 0, thus the particle corresponding to this mass
can be identified as the would-be Nambu-Goldstone boson of the U(1), i.e. the PNGB of this model.
The eigenstates corresponding to these masses are
ξ1 =
1√
2
(χ1 + χ2) , ξ2 =
1√
2
(χ1 − χ2) . (3.7)
It is worth noting that the PNGB (ξ1) is symmetric under χ1 ↔ χ2. This property of the PNGB,
will be proven helpful especially in the N -particle generalization of this model, since it will allow
us to calculate the desired direct detection amplitude easily. The imposed dark CP–invariance can
potentially keep both of the states ξ1,2 stable, since there are only interactions involving even numbers
of CP–odd particles, e.g. there is no ξ1 h
2 interaction term while the vertex ξ21 h exists. However,
since we are interested in the scenario where the DM particle is a PNGB, we need to impose an
extra hierarchy condition, so that ξ1 will be stable while ξ2 will be able to decay. This condition is
mξ1 < mξ2 , with their difference (mξ2 −mξ1) at least larger than the mass of the lightest CP–even
particle (e.g. mξ2 − mξ1 > mH ≈ 125GeV if the Higgs boson is the lightest one). This is not too
restrictive, and it does not affect the vanishing of the PNGB-nucleon cross section, but it must be
pointed out for the sake of completeness. Also, as in sec. 2, it seems reasonable that this model will
be allowed by observations, at least close to the limit in which becomes similar to the U(1) case. That
said, however, since the parameter space is greater here, there should be room to accommodate all
constraints (especially since the direct detection bounds are evaded).
The direct detection amplitude
The calculation of the quark-ξ1 scattering amplitude is a relatively straightforward task. We just need
to calculate the corresponding Feynman diagram (fig. 1). In fact, since we are interested in the zero
momentum transfer limit, the ingredients that we need in order to show that the direct detection
cross section vanishes, are the inverse of the mass matrix of the CP–even scalars and the three-point
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interaction of a pair of PNGBs with them (i.e. vertices of the form ξ21 h and ξ
2
1 s1,2). The mass terms
for the CP–even scalars can be written in a compact form as
Lhs = −1
2
ΦT M2Φ Φ , (3.8)
with Φ = (h, s1, s2)
T and
M2Φ =

v2λH vvS(λHS1 + λHS2) vvS(λHS1 + λHS2)
vvS(λHS1 + λHS2)
2v2S(c+λS1 )+µ
2
S2
+2µ′ 2S2−λHS2v
2
2
2v2S(3c+λS2+λ
′
S1
)+v2λHS2−µ2S2−2µ
′ 2
S2
2
vvS(λHS1 + λHS2)
2v2S(3c+λS2+λ
′
S1
)+v2λHS2−µ2S2−2µ
′ 2
S2
2
2v2S(c+λS1 )+µ
2
S2
+2µ′ 2S2−λHS2v
2
2

(3.9)
Observing that only h couples to SM fermions, we only need the following few terms of the inverse of
M2Φ
[
M2Φ
]−1
11
∼ v2S
(
λHS1 + λHS2 + λ
′
HS1 + 4c
)
(3.10)[
M2Φ
]−1
i1
∼ −vvS(λHS1 + λHS2) .
With the interaction term of the Lagrangian terms responsible for the ξ1-nucleon elastic scattering
being 13
Lint = −1
8
ξ21
 2v(λHS1 + λHS2)vS (λHS1 + λHS2 + λ′HS1 + 4c)
vS
(
λHS1 + λHS2 + λ
′
HS1
+ 4c
)
T hs1
s2
 , (3.11)
we can show that the the amplitude for the ξ1-nucleon elastic scattering vanishes. That is
ADD ∼
 2v(λHS1 + λHS2)vS (λHS1 + λHS2 + λ′HS1 + 4c)
vS
(
λHS1 + λHS2 + λ
′
HS1
+ 4c
)
T v2S (λHS1 + λHS2 + λ′HS1 + 4c)−vvS(λHS1 + λHS2)
−vvS(λHS1 + λHS2)
 = 0 . (3.12)
In analogy to the SU(2) case, one again expects one-loop correction. This correction should be
suppressed, with an induced coupling ∼ λ2
(4pi)2
, with λ combination of all couplings in this model. The
case here is more involved, however, since the number of independent parameters is greater.
3.2 Generalization to U(1)× SN
As we saw in sec. 3.1, the cancellation mechanism holds when the model consists of two scalars under
the assumption that the potential is symmetric under permutations of these scalars. This symmetry
fixes the PNGB-s1,2 interactions and the relevant components of M
2
Φ in such way that ADD vanishes.
However, there is no guarantee that this also happens if we add more scalars, since more interaction
terms are allowed. In this section, we investigate whether ADD vanishes in a model consisting of an
arbitrary number of scalars. We denote this model as U(1) × SN , and it is a direct generalization of
U(1)× S2 with N number of scalars.
The Potential for N Scalars
In the case of N scalar fields, each transforming as Si → e−iaSi (similarly to sec. 3.1), the U(1)× SN
symmetric potential, assuming again dark CP–invariance, can be written as
13Note that since ξ1 is an S2 symmetric state, a pair of ξ1 interacts in the same way with both s1 and s2.
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V0 = −µ
2
H
2 |H|2 +
λ2H
2 |H|4 −
∑
i,j
µ2Sij
2 SiS
†
j +
∑
i,j
λSij
2 (SiS
†
j )
2 +
∑
i,j
λ′Sij
2 |Si|2|Sj |2
+
∑
i,j,k
cijkSiS
†
j |Sk|2 +
∑
i,j,k
c′ijk(SiSjS
† 2
k + h.c.) +
∑
i,j,k,l
dijklSiSjS
†
kS
†
l
+
∑
i,j
λHSij |H|2SiS†j , (3.13)
where all the sums run over all scalars. This potential has some redundant terms, so we can set some
of them to zero:
λ′Sii = 0
ciik = 0
c′iij = c
′
iji = c
′
ijj = 0
diijk = dijik = dijki = dijjk = dijkj = dijkk = 0 . (3.14)
Furthermore, the permutation symmetry, dictates:
µ2Sij =
{µ2S1 (i = j)
µ2S2 (i 6= j)
λSij =
{λS1 (i = j)
λS2 (i 6= j)
λHSij =
{λHS1 (i = j)
λHS2 (i 6= j)
λ′Sij = λ
′
S (i 6= j) (3.15)
ciji = cjii = c1 (i 6= j)
cijk = c2 (i 6= j 6= k)
c′ijk = c
′ ( i 6= j 6= k)
dijkl = d (i 6= j 6= k 6= l) .
As previously, we assume soft breaking of U(1). That is, we add the following terms in the potential
Vsoft = −
∑
i,j
µ′ 2Sij
2
SiSj + h.c. , (3.16)
where, due to the SN symmetry, we have
µ′ 2Sij =
{µ′ 2S1 (i = j)
µ′ 2S2 (i 6= j)
(3.17)
So, from eqs. (3.14), (3.15), and (3.17), the total potential becomes
V = −µ
2
H
2
|H|2 + λ
2
H
2
|H|4 + λHS1
∑
i
|H|2|Si|2 + λHS2
∑
i 6=j
|H|2SiS†j
−µ
2
S1
2
∑
i
|Si|2 +
µ2S2
2
∑
i 6=j
SiS
†
j +
λS1
2
∑
i
|Si|4 + λS2
2
∑
i 6=j
(SiS
†
j )
2
+c1
∑
i 6=j
(
SiS
†
j |Sj |2 + SiS†j |Si|2
)
+ c2
∑
i 6=j 6=k
SiS
†
j |Sk|2
+λ′S
∑
j>i
|Si|2|Sj |2 + c′
∑
i 6=j 6=k
(SiSjS
† 2
k + h.c.) + d
∑
i 6=j 6=k 6=l
SiSjS
†
kS
†
l
−µ
′ 2
S1
2
∑
i
(
S2i + h.c.
)− µ′ 2S2 ∑
i
(SiSj + h.c.) . (3.18)
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At this point, it becomes clear that the SN symmetry helps keeping the number of new free parameters
relatively small. 14 This keeps the model as simple as possible, considering the potential large number
of particles.
Similar to the previous, the scalars acquire VEVs
Si =
1√
2
(vS + si + i χi) ,
H = 1√
2
(
0
v + h
)
, (3.19)
where, again, we have assumed that the potential remains symmetric under
(
s, χ
)
i
↔ (s, χ)
j
after
SSB. From eqs. (3.18) and (3.19), we observe that there are only two independent stationary point
conditions, due to the SN symmetry, (similar to 3.1), which are
µ2H = λHv
2 +Nv2S [λHS1 + (N − 1)λHS2 ] , (3.20)
µ2S1 = v
2 [λHS1 + (N − 1)λHS2 ]−
[
2µ′ 2S1 + (N − 1)(µ2S2 + 2µ′ 2S2)
]
+ v2S
[
λS1 + (N − 1)(λS2 + λ′S + 4c1) + 2(N − 1)(N − 2)(c2 + 2c′)
+ 2(N − 1)(N − 2)(N − 3)d
]
.
These conditions further reduce the number of new parameters by one, i.e. the maximum number of
new parameters introduced is 12 for N ≥ 4 (for N = 2 and 3 these are 9 and 11, respectively).
Spectrum of the CP–odd scalars
As in sec. 3.1, our next step is to find which mass eigenstate corresponds to the PNGB. To do so, we
first have to find the mass matrix (M2χ) for the CP–odd scalars. Since the CP–odd and CP–even scalars
do not mix (due to the dark CP–invariance), their mass terms are symmetric under permutations of
the χ’s. As a result, there are only two different entries in the mass matrix for χ’s, the diagonal,(
M2χ
)
ii
, and the off diagonal,
(
M2χ
)
ij
, ones. After some algebra, one can show that
[M2χ]ii = −v2(N − 1)
λHS2
2
+ 2µ′ 2S1 +
1
2
(N − 1)(2µ′ 2S2 + µ2S2)
− v2S
[
(N − 1)(λS2 + c1) +
1
2
(N − 1)(N − 2)(c2 + 6c′) (3.21)
+ (N − 1)(N − 2)(N − 3)
]
,
[M2χ]ij =
2
(
µ′ 2S1 + (N − 1)µ′ 2S2
)− [M2χ]ii
(N − 1) for i 6= j .
The eigenvalues of this matrix are
m2ξ1 = [M
2
χ]ij + (N − 1) [M2χ]ii = 2
(
µ′ 2S1 + (N − 1)µ′ 2S2
)
(3.22)
m2ξi = [M
2
χ]ii − [M2χ]ij for i = 2, 3...N . (3.23)
The first (m2ξ1) corresponds to the particle ξ1, which is the PNGB (m
2
ξ1
→ 0 as µ′ 2S1,2 → 0), while
the other particles (ξ2,3,...,N ) are degenerate with mass mξ2 = mξ3 = · · · = mξN . As it turns out (in
analogy to sec. 3.1), the PNGB is the SN -symmetric state
ξ1 =
1√
N
N∑
i=1
χi , (3.24)
where the others (not relevant to our discussion) can be found from orthonormality conditions. We
also note again that some hierarchy conditions should be imposed in order for the PNGB to be the
DM particle.
14 There are 10, 12, and 13 free parameters for N = 2, N = 3, and N ≥ 4, respectively.
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The Cancellation of the Direct Detection Cross Section
Again the ingredients that we need in order to show that the direct detection cross section vanishes,
are the inverse of the mass matrix for the real part of the scalars and the interaction of a pair of
pseudo-Nambu-Goldstone particles with them (i.e. ξ21 − h, si).
As usual the mass terms for the CP–even scalars can be written in a compact form as
Lhs = −1
2
ΦT M2Φ Φ , (3.25)
with Φ =
(
h s1 s2 . . .
)T
and
[M2Φ]11 = v
2λH ,
[M2Φ]1i = (M
2
hs)i1 = v vS [λHS1 + (N − 1)λHS2 ] for i > 1 ,
[M2Φ]ii = −v2(N − 1)
λHS2
2
+
N − 1
2
(µ2S2 + µ
′ 2
S2) + v
2
S
[
λS1 (3.26)
+ (N − 1)c1 − 1
2
(N − 1)(N − 2)(c2 + 2c′2)
− (N − 1)(N − 2)(N − 3)d
]
for i > 1 ,
[M2Φ]ij = v
2λHS2
2
− 1
2
(µ2S2 + µ
′ 2
S2) + v
2
S
[
(λS2 + λ
′
S1 + 3c1)
+
5
2
(N − 2)(c2 + 2c′2) + 3(N − 2)(N − 3)d
]
for i, j > 1 .
The interaction term of the Lagrangian which is responsible for the ξ1 −N elastic scattering is
Lint = − 1
4N
ξ21
(
Yξh, Yξs, Yξs, . . .
)

h
s1
s2
...
 , (3.27)
with
Yξ h = vN [λHS1 + (N − 1)λHS2 ] (3.28)
Yξ s = vS
{
λS1 + (N − 1)
[
λS2 + λ
′
S1 + 4c1 + 2(N − 2)
(
c2 + 2c
′ + (N − 3)d)] } . (3.29)
Again, the propagator (i.e. the inverse of the s−h mass matrix) should be multiplied by a column
vector ∼ δ1i (since only h interacts with SM fermions), so the elements of the inverse of M2hs relevant
to the DM-nucleon interaction are
[M2Φ]
−1
11 ∼ [M2Φ]22 + (N − 1)[M2Φ]23 .
[M2Φ]
−1
i1 ∼ −[M2Φ]12 (3.30)
As in sec. 3.1, the Feynman diagram for the elastic PNGB-quark scattering is given fig. 1, with an
amplitude proportional to
ADD ∼
(
Yξh, Yξs, Yξs, . . .
)

[M2Φ]
−1
11
[M2Φ]
−1
i1
[M2Φ]
−1
i1
...
 , (3.31)
which, from eqs. (3.26), (3.27), and (3.30), can be shown that vanishes.
12
N #phases
1 1
2 3
≥ 3 3 + 12N(N − 1)
Table 1: Number of phases for various values of N
A Note on the dark CP–invariance
In ref. [32] it was argued that the U(1) case is invariant under S → S†, because there is one phase
which can be absorbed by S. This natural symmetry of the model guarantees that the imaginary part
of S (the CP–odd scalar) always interact in pairs and as a result it is stable. However, when the scalar
sector consists of a larger number of particles, it is not possible to absorb all phases to the scalars,
as shown in Table 1. Therefore, in order to guarantee the stability of the DM particle ξ1, we have to
assume that all parameters are real on top of the SN symmetry.
4 Conclusion and future direction
Inspired by an Abelian model which introduced a natural mechanism for the vanishing of the direct
detection cross section, we have expanded the discussion on the explanation of the smallness of the
DM direct detection cross section.
The first case under study (sec. 2) was a softly broken SU(2) global symmetry. In this, we assumed
that there is a doublet scalar (singlet under the SM gauge symmetry), which acquires a VEV. We
showed that the resulting pseudo-Nambu-Goldstone bosons are all DM candidates, due to a remaining
discrete symmetry that keeps them stable. We also showed that the DM–neucleon interaction vanishes.
Then, we argued that this case can be generalized in a straightforward fashion to an SU(N) symmetry,
leading to the same result, i.e. vanishing of the DM–neucleon interaction.
Then in sec. 3.2 we examined the U(1)×SN global symmetry, with U(1) being softly broken, where
we extended the scalar sector by adding N scalars, charged only under a global U(1). Assuming a
dark CP–invariance, we calculated the form of the mass matrices and three-point interactions relevant
to the pseudo-Nambu-Goldstone–nucleon interaction, which turned out to vanish.
A parameter space analysis of some simple cases (e.g. U(1) × S2 or SU(2)), will help us identify
potential discovery channels at the LHC and astrophysical observations [34, 48]. Also, a calculation
of 1-loop corrections will give us with precision the direct detection cross section, which can further
be used to probe (or even exclude) the models discussed in this work. In addition, since the cases
at hand should be treated as low-energy limits of complete models, an interesting direction would be
to determine possible completions. These, can induce (parametrically or energetically suppressed [32,
34]) DM-nucleon interactions at the tree-level as well as decays of the PNGBs, allowing for a rich
phenomenology, and connection of the DM problem with other open issues in particle physics (e.g.
lepton number violation and neutrino masses [55]). Furthermore, there are some cases that we did
not consider (i.e. the general irrep of the SU(N) case), a study of other simple considerations (e.g.
SU(2)-triplet) can be insightful, and help us identify similar classes of models. However, since we were
only interested in furthering the discussion on the suppression of the DM-nucleon interaction, with a
focus on simple realizations, we postpone these for a later project.
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